Abstract Molecularly imprinted polymers (MIPs) have been used as useful sorbents in solid-phase extraction for a wide range of molecules and sample matrices. Their unique selectivity can be fine-tuned in the imprinting process and is crucial for the extraction of macromolecules from complex matrices such as serum. A relevant example of this is the application of MIPs to peptides in diagnostic assays. In this article the selectivity of MIPs, previously implemented in a quantitative massspectrometric assay for the biomarker pro-gastrin-releasing peptide, is investigated. Partial least squares regression was used to generate models for the evaluation and prediction of the retention mechanism of MIPs. A hypothesis on interactions of MIPs with the target peptide was verified by ad hoc experiments considering the relevant peptide physicochemical properties highlighted from the multivariate analysis. Novel insights into and knowledge of the driving forces responsible for the MIP selectivity have been obtained and can be directly used for further optimization of MIP imprinting strategies.
Introduction
Molecularly imprinted polymers (MIPs) are synthetic receptors with the capability of molecular recognition [1, 2] . This exceptional property originates from their specific polymerization, which occurs directly around the molecule to be recognized, and makes them relevant for a wide range of applications. Among them, the application of MIPs to sample preparation is a promising research area in the field of analytical chemistry [3] [4] [5] [6] . Many sample cleanup protocols have been developed for the extraction of small molecules from food, environmental, and biological matrices [7] [8] [9] [10] [11] [12] . The key to the success of MIP use in solid-phase extraction (SPE) can be found in their robustness under extreme physical-chemical conditions and their time-and cost-effective synthesis [13] . It is possible to obtain ready-to-use MIPs in a few hours, with relatively inexpensive reagents and with a high degree of selectivity [14] [15] [16] .
The evaluation of polymer selectivity is a crucial point, since it is desirable to drive the optimization of polymer synthesis according to the ability of the polymer binding sites to discriminate between molecules with similar physical-chemical properties [17, 18] . The evaluation of the effectiveness of the polymer binding sites is generally performed by direct comparison between the retention of the MIP and the related nonimprinted polymer (NIP). The two polymers are synthesized with use of the same protocol, with the exception of the addition of the template molecule in the synthesis of the MIP. No analyte-specific retention is thus expected from the NIP because of the absence of sterically positioned binding sites, but this occurrence is rarely verified because of the occurrence of many different interactions between polymer and target molecule [19] .
A new trend in MIP SPE is the extraction of macromolecules such as peptides and proteins [20] [21] [22] [23] [24] [25] . These applications have arisen from the recent development of imprinting strategies due to the complexity of imprinting macromolecules. This has to take into account many different interactions, occurring simultaneously around the template molecule, and the insolubility of the template in the organic solvents generally used for the polymeric synthesis [26, 27] . However, several MIPs have been developed for peptide enrichment and used in the sample preparation of proteomic workflows [25, [28] [29] [30] [31] [32] [33] [34] .
An application of great interest for tryptic-peptide-selective MIPs is the integration in diagnostic assays for severe diseases such as the aggressive small cell lung cancer [35] [36] [37] [38] [39] . In these studies, MIPs selective for the signature peptide (NLLGLIEAK) of the biomarker pro-gastrin-releasing peptide (proGRP) were developed to be explored for their use in the diagnosis of small cell lung cancer. The enrichment of NLLGLIEAK allowed the quantification of proGRP directly from serum samples by a mass-spectrometric assay. Because of the wide protein concentration range in serum and, at the same time, the limited dynamic range of the mass spectrometer, the selectivity of the MIP is a crucial factor to be evaluated and emphasized by the experimental conditions. The analysis of the species co-extracted with NLLGLIEAK in the MIP cartridge allowed the identification of many peptides belonging to serum albumin [36] , but limited information was obtained on the interactions playing fundamental roles in peptide retention.
Deeper understanding and prediction of peptide retention on different chromatographic systems have been achieved by multivariate analysis, where design of experiment, principal component analysis, and partial least squares (PLS) regression were used for the identification of peptide properties that mainly affect the chromatographic retention [40] [41] [42] [43] . This powerful approach allows the simultaneous screening of many variables influencing the system studied, with the advantage of achieving a better overview of the effects and interactions of variables with a limited number of experiments. Moreover, the prediction of the chromatographic response can be used to hypothesize on the retention of different peptides that have not been tested yet.
The aim of this work was to evaluate the retention mechanism of tryptic peptides in MIPs and related NIPs selective for the signature peptide NLLGLIEAK. The initial hypothesis on the correlation between polymer retention and peptide physicochemical properties was investigated by multivariate analysis using PLS regression. Also the polymer composition and the functional monomer orientation were evaluated by our exploring the influence of pH on peptide retention. The SPE experiments were performed with tryptic peptides from bovine serum albumin (BSA) as well as the target analyte NLLGLIEAK, and the extractions were analyzed by liquid chromatography coupled with mass spectrometry.
Moreover, micro-SPE formats were used for the packing of the N-(2-aminoethyl) methacrylamide hydrochloride (EAMA· HCl)-based MIPs and NIPs previously used for the off-line extraction of NLLGLIEAK from serum samples [38] .
Materials and methods
Reagents and standards BSA with purity above 96% (Sigma-Aldrich, Germany) was dissolved in 50 mM freshly prepared ammonium bicarbonate (ABC) buffer and subsequently diluted to a final concent r a t i o n o f 4 8 n M . T h e t a r g e t p e p t i d e NLLGLIEA[K_ 13 C 6
15
N 2 ] was purchased as AQUA peptide and diluted according to the BCustom AQUA Peptides Storage and Handling Guidelines^( http://www. si gm aaldrich.com/li fe-sci ence/proteom ics/m assspectrometry/protein-aqua/storage-and-handling-guidelines. html) of Sigma-Aldrich to a final concentration of 10 nM. NTosyl-L-phenylalanine chloromethyl ketone treated lyophilized trypsin from bovine pancreas was of sequencing grade (Sigma-Aldrich). All the solutions were stored at −20°C. The MIP sorbents and the corresponding NIPs were provided by the University of Malmö (Sweden) and prepared as described elsewhere [38] . All other chemicals used were of analytical grade.
Sample preparation
The solution of 48 nM BSA was spiked with the solution of the target peptide to a final concentration of 10 nM, reduced with 2.5 μL 50 mM dithiothreitol in 50 mM ABC buffer and subsequently incubated at 800 rpm at 60°C for 20 min. The solution was then cooled, and 2.5 μL 200 mM iodoacetic acid in 50 mM ABC buffer was added. Incubation was performed for 15 min at room temperature in the dark. Digestion was accomplished by addition of trypsin diluted in 50 mM ABC buffer to achieve an enzyme-tosubstrate ratio of 1:40.
MIP and NIP packing into microcartridges
The MIP and NIP materials were packed into a microcolumn with use of Bevel Point™ pipette tips (1-300 μL, VWR) equipped with a polyethylene disk (20-μm pore size) as a plug at the bottom of the tips. Ten milligrams of each polymer was initially conditioned and vortexed in 250 μL acetonitrile (MeCN). Subsequently 20 μL of the polymer slurry (containing approximately 800 μg of sorbent) was quickly pipetted into the pipette tips. After 3 min of centrifugation at 3000 rpm, the polymers were pulled down in a pellet, and the supernatant solvent was removed, allowing the use of the tips for further SPE experiments. Three different microcartridges were prepared for the MIP and for the NIP.
SPE experiments
Two sets of SPE experiments were performed on both the MIP and the NIP by application of different organic strengths and pHs.
Organic strength variation
All the cartridges were conditioned and activated by sequential pipetting of 100 μL methanol and ABC buffer (50 mM), and the solvents were discharged by centrifugation (3 min at 7000 rpm). Then 50 μL of the digested spiked BSA was applied, and sequential washes of the cartridges were performed with 50 μL of wash solvents with increased MeCN content (5%, 10%, 15% 20%, 25%, 30%, 35%, and 40%) in Milli-Q water. The final elution was performed with 50 μL of eluent [80% MeCN, 3% formic acid (FA), 17% Milli-Q water] to elute any peptides still retained in the cartridges.
Variation of pH
After activation with 100 μL methanol, four parallel experiments were conducted by our conditioning the columns with 100 μL of 50 mM ABC buffer at four different pHs (acidified with 2 M FA to a final pH of 2.2 and with 20 mM FA to pH 7.1, adjusted with 1 M NH 3 to pH 9.5 and with 13 M NaOH to pH 12.0). After the sample loading, the cartridges were washed with solutions of 7.5% MeCN in water adjusted to pH 2.2, 7.1, 9.5, and 12.0 with 2 M FA, 20 mM FA, 1 M NH 3 , and 13 M NaOH respectively. The final elution was performed as described in BOrganic strength variation^for all the cartridges.
Liquid chromatography-LTQ Orbitrap analysis of extracted serum samples
All the fractions collected from the SPE experiments and the unextracted samples were diluted 1:10 with 20 mM FA and injected into the liquid chromatography-LTQ Orbitrap system. The Dionex Ultimate 3000 chromatographic system was controlled by Chromeleon Xpress and comprised an ISO-3100SD loading pump, an LPG-3400M micropump, a WPS-300TRS autosampler, and an FLM-3300B nano flow manager (all Dionex, Sunnyvale, CA, USA). The LTQ Discovery Orbitrap mass spectrometer was controlled by Xcalibur, and was equipped with a nanoelectrospray ionization ion source (all Thermo Fischer, Bremen, Germany). For each sample, 10 μL was injected into the system. The loading mobile phase, 20 mM FA and MeCN (97:3, v/v), trapped the samples on a C 18 Acclaim PepMap 100 enrichment column (300-μm inner diameter × 5 mm, 5 μm; Thermo Fischer) for 4 min with a flow rate of 10 μL/min. The analytes were consequently transferred to a C 18 
Peptide identification
The raw mass spectrum files were processed with Proteome Discoverer 1.4 (Thermo Fischer, Bremen, Germany), with use of the SEQUEST algorithm, searching against a FASTA file containing BSA peptide sequences generated from UniProtKB [44] . Up to three missed cleavages were considered with trypsin as the enzyme. Methionine oxidation was chosen as a variable modification and cysteine carboxymethylation was chosen as a static side chain modification. The precursor ion and fragment ion mass tolerance were set to 10 ppm and 0.8 Da respectively. Peptide identification was accepted with a false discovery rate less than 0.01% 13 C 6 15 N 2 ] were then manually checked in the extracted ion chromatograms and verified by means of their fragmentation pattern, with use of Xcalibur's QualBrowser version 2.1 (Thermo Fischer, Bremen, Germany). The peak areas of selected peptides were processed by the genesis peak detection algorithm, considering only peaks with signal-to-noise ratio above 10.
Determination of peptide recoveries

T h e i d e n t i f i e d t r y p t i c p e p t i d e s t o g e t h e r w i t h NLLGLIEA[K_
The recovery for each peptide was calculated by division of the chromatographic peak area generated in the extracted samples by the peak area of the unextracted sample. Experimental replicates were then averaged and normalized for the total recovery achieved in each experiment.
Retention model
Unscrambler® version 9.8 was used for the modeling of peptide retention in both MIP and NIP SPE experiments. PLS regression was used to model the descriptors (X variables) of the selected peptides (samples) to predict the retention on MIP and NIP cartridges (Y response). The regression was performed in PLS 1 mode, which predicts one Y response at a time. Both X variables and Y responses were autoscaled by division of each value by the standard deviation. Random cross validation was applied during the calculation to build the model by inclusion of two samples in each segment to be excluded in turn from the training set. The Martens uncertainty test based on so-called jackknife resampling [45] was applied during the calculation to evaluate the significance of each descriptor contributing to the model. Three principal components were chosen to build the model.
Results and discussion MIP and NIP microcartridges
The use of microcartridges packed with MIP and NIP materials allowed the off-line extraction of the digested samples with low consumption of the sample (50 μL) and a low sorbent amount (800 μg). Moreover, such a format allowed the parallel extraction of the SPE replicates, which was particularly advantageous in terms of analysis time and recovery reproducibility.
Elution profile of BSA peptides on MIP and NIP cartridges
T h e r e t e n t i o n o f B S A t r y p t i c p e p t i d e s a n d NLLGLIEA[K_ 13 C 6 15 N 2 ] was investigated for MIP and NIP cartridges to evaluate retention differences and similarities among peptides with known physical and chemical properties. The use of BSA as a model protein was driven by its simplicity of digestion, its cost, and its revised annotation in the UniProt database. Moreover serum albumin is the most abundant protein in serum, the matrix of choice for the detection of proGRP, and a recent study showed strong albumin retention on a MIP cartridge developed for the quantification of proGRP in serum [36] . Hence the use of BSA as a model system would mimic human serum albumin in patient samples and hopefully would result in valuable information on the albumin peptides observed previously [36] . Thus a sequential elution with increasing organic solvent strength was performed with the target peptide NLLGLIEA[K_ 13 LGEYGFQNALIVR from BSA. From the different elution profiles, a hypothesis on the increased retention of peptides with a long amino acid sequence can be proposed. Fig. 2 Cumulative recovery of the serum albumin peptides from a nonimprinted polymer (NIP) cartridge versus the MeCN percentage applied for each elution step 
Peptide retention model
To obtain more detailed knowledge of the correlation of the peptides' physical-chemical properties with their elution profiles from the two different sorbents, a model was built by use of multivariate regression. The model used PLS to identify which of the peptide properties (X) contributed most to the difference in peptide retention (Y). The choice of the peptide variables to be considered [number of amino acids, number of negative charges, number of positive charges, number of aromatic residues, molecular weight, grand average of hydopathicity (GRAVY) index, isoelectric point, and aliphatic index] reflected a preliminary hypothesis of the polymers' interacting groups and agreed with the variables previously chosen for the principal component analysis of peptide retention in reversed-phase liquid chromatography [43] .
We initially considered also including the accessible molecular surface area as a peptide molecular descriptor. However, as the accessible molecular surface area has been described to be directly proportional to the molecular weight of an unfolded polypeptide chain [46] , we believed that the added value of including this parameter as a peptide variable was limited. By use of a linear combination of the initial variables, it was possible to pinpoint the ones that contribute most to the variation among the samples. Their response was useful to discriminate among the physicochemical properties that do not influence peptide retention. As output of the model (Y), a defined value was calculated for the retention of each peptide by our determining the corresponding MeCN amount needed to achieve 50% recovery of each peptide. As a result, a matrix was built (Table 1 ) and used to generate the PLS model by use of the following different peptide descriptors: number of amino acids, number of negative charges, number of positive charges, number of aromatic residues, molecular weight, GRAVY index, isoelectric point, aliphatic index, and the percentage of MeCN required to achieve 50% recovery in the MIP cartridge and the NIP cartridge. Figure 3a shows the score plot related to the MIP retention model. The peptides considered are homogeneously distributed along the first component, which explains 59% of the total variance. The target peptide NLLGLIEA[K_ Many similarities with this model can be found by one looking at the NIP model. The score plot in Fig. 3b shows a similar peptide distribution in the first two principal components as the MIP model (Fig. 3a) . Moreover, most of the variance is again mainly explained by the first principal component (58%), and the distribution of larger peptides is in the left area of the plot.
The analysis of the MIP correlation loadings plotted in Fig. 4a , where the first component is dominated by all the variables used to describe the model, supports the observations from the score plot in Fig. 3a . The molecular weight of the peptides and the number of amino acids are positioned in the left part of the plot, supporting the previous findings on the distribution of longer peptides in the left part of the score plot (Fig. 3a) . A close correlation can be supposed among the variables since none of the variables are orthogonal to each other. The negative charges on the peptide seem to impact the MIP retention negatively, since MIP response and negative charge have opposite directions from the origin of the plot. The negative charges, together with the molecular weight and the number of amino acids, appear to have an inverse correlation with the variables on the right side of the plot. These variables (isoelectric point, aliphatic index, and GRAVY index) are closely correlated and contribute positively to MIP retention (the same direction in the first principal component). By looking at the influence of each variable on the MIP retention, we can predict that both negative charge and isoelectric point will probably have a significant impact on MIP retention. Variables such as the number of aromatic residues and positive charge of the peptide are not expected to have a relevant effect on the MIP retention since their orthogonal projection on the MIP direction falls close to the plot origin.
The NIP correlation loadings plot shown in Fig. 4b can also be closely compared with the MIP model. All the variables are directly or inversely correlated, since they are distributed along the two sides of the first principal component. Both the negative charges and the isoelectric point of the peptides seem to impact also the NIP retention. In fact, in the loading plot, the NIP elution response lies in the opposite side of the negative charge and is almost overlapped to the position of the isoelectric point. By the analysis of regression coefficients, differences can be observed between the MIP model and the NIP model (Fig. 5) . The regression coefficients of the MIP model in Fig. 5a give a clearer indication of the importance of the variables in the MIP model. According to the absolute value of the regression coefficients and their error bars determined by the Martens uncertainty test, the negative charge, isoelectric point, and aliphatic index of the peptides have a significant contribution to the retention model. This means that MIP selectivity is affected by these three peptide properties. This could be explained by the simultaneous interactions of the functional monomer EAMA·HCl, positively charged at pH below 10, with the negative charges on the glutamic acid and the interaction established between the polymer and peptide aliphatic side chains, such as alanine, isoleucine, and leucine.
In the NIP model (Fig. 5b ) the number of aromatic residues is a much more significant variable than in the MIP model, whereas the contribution of the negative charge decreases slightly. The aliphatic index and the isoelectric point still play a significant role in the NIP model. , and rootmean-square error (RMSE) are given for the regression from both the calibration set (blue) and the validation set (red) Figure 6 shows the regressions of the models obtained from MIP and NIP extractions. As already mentioned, the plots show the measured versus the predicted elution in terms of MeCN percentage required to complete 50% elution of each peptide considered. The MIP and NIP calibration models (blue lines) both have rather good correlations, with R 2 values above 0.8, and the cross-validated models (red lines) have a correlation above 0.7.
The slopes of the models indicate the prediction accuracy: the closer to the value of 1, the better the regression lines agree with the target line (black line), where a perfect linear correspondence occurs between measured and predicted elution values. The MIP and NIP models both show slope values above 0.75. The root-mean-square error has similar values in the MIP and NIP models, where both calibrated and validated models have root-mean-square error values below 3.5.
From these results, we can assume that the models obtained by the regression of the peptide physical-chemical properties with peptide elution in MIP and NIP cartridges can give an accurate idea of the peptide properties that are most relevant for the retention in the polymeric cartridges. In both models the isoelectric point seems to influence the retention of the peptides in both MIP and NIP, and thus a detailed investigation of the influence of pH on the retention of the target peptide was performed.
Influence of pH on peptide retention At pH 9.5 and pH 7.1, the MIP and NIP cartridges both show a strengthening of the interactions between EAMA·HCl and the negative charges of both glutamic acid and the C-terminal carboxylic acid occurring in the peptide. These observations agree with those of a previous study where the increase of the loading pH up to 8.6 increased NLLGLIEA[K_ 13 C 6 15 N 2 ] retention in an online MIP cartridge [37] .
An interesting observation of this experiment is the differential decrease in NLLGLIEA[K_ 13 C 6 15 N 2 ] retention between MIP and NIP at pH 2.2. The NIP cartridge has a lower decrease in target peptide retention than the MIP cartridge (almost 80% of peptide recovery in NIP elution compared with 20% in MIP elution). The reason for such retention can primarily be found in the interaction between the still charged C-terminal of the peptide, as occurs in the MIP cartridge, but an additional retention source could be ascribed to the interactions occurring between divinylbenzene, which constitutes the main structure of the polymers, and the aliphatic groups of the peptide. The sum of the contributions from aromatic and aliphatic residues has been shown to be more significant in the NIP retention model than in the MIP one, and this occurrence suggests the probable additional NIP retention when peptide charges are minimized at pH 2.2. A hypothetical explanation for the reason why the aforementioned contributions affect the MIP retention less can be found in the structural organization of EAMA·HCl within the polymer. In the MIP, as the polymerization provides the addition of the template molecule at the beginning of the synthetic process, the template arranges and organizes the directions of the functional monomer EAMA·HCl before the addition of the cross-linker divinylbenzene, which allows the polymeric reticulation growth. In the NIP, instead, the absence of the template causes a random incorporation of EAMA·HCl. These circumstances could cause the retention differences between the polymers since the MIP mainly completes its molecular recognition inside the binding sites where the functional monomers are properly directed, and thus their contribution to the peptide retention is substantial. Vice versa, such contribution becomes less effective in the NIP, with EAMA·HCl being randomly distributed and oriented, but the interaction with the polymer skeleton becomes more significant because of the controlled reticulation, which does not display distortions caused by the presence of the binding sites within the polymeric structure. This circumstance could explain also why the hydrophobic interactions established with the high MeCN content in the elution phase resulted in better recovery in NIP cartridges than in MIP cartridges in all the experiments.
Conclusion
In this article, multivariate analysis was successfully applied for the design of MIP and NIP retention models. Deeper understanding of the peptide interactions occurring within the polymers was achieved and verified by a tailored experiment screening the influence of pH on NLLGLIEAK retention.
The novel micro-SPE cartridges were produced for the first time with use of EAMA·HCl-based MIPs and NIPs and were revealed to be an adequate and valuable format for the qualitative screening of serum albumin peptides retained in the polymers. Low polymer amount, low sample consumption, and low solvent consumption permitted parallel extraction replicates, increasing the accuracy of the experimental data.
The PLS models showed that in both MIP and NIP the isoelectric point was a significant peptide property affecting the retention. In the MIP model the number of negative charges and the aliphatic index of the peptides were shown to contribute to peptide retention, whereas in the NIP model the aromatic groups also positively contributed to peptide retention.
Investigation of the influence of the pH on sample loading, washing, and elution showed that in MIP cartridges the retention is mainly driven by the electrostatic interactions occurring between the peptides and the well-oriented functional monomers (EAMA·HCl) within the polymer binding sites. This circumstance is fundamental for the MIP selectivity. In NIP cartridges, on the other hand, the main driving force for the peptide retention is the presence of aromatic and aliphatic groups able to establish strong retention with the highly ordinated divinylbenzene skeleton of the polymer. Despite ensuring high peptide recoveries, these nonspecific interactions are responsible for scarce selectivity in complex matrices such as serum.
By use of a simple protein model such as BSA and helpful statistical tools such as multivariate analysis, deeper understanding of peptide interactions with MIP and NIP has been achieved. This knowledge will be useful for the design and optimization of the synthesis of novel MIPs. Further investigations and statistical evaluation of a larger peptide dataset could represent a rapid innovation boost for the production of highly selective and retentive tryptic peptide MIPs with application to clinical diagnostics.
